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ABSTRACT 
 
 
 
 
Metals are found naturally in the environment and expelled through industrial waste. 
When absorbed through the skin, inhaled, or ingested, many metals have been proven to 
cause numerous health problems. Mechanochemistry using a mortar and pestle grinding 
shows promise in capture and detection of toxic metals. This method allows for an on-
site, cost effective, simple, solvent free, and environmentally friendly metal coordination. 
Pyrene derivatives with diethylenetriamine and bis(3-aminopropyl)amine linkers have 
shown to be successful fluorescent receptors serving as a Lewis bases in the reactions. 
After coordination, color changes are observed in visible light and UV light. Metal salts 
that exhibit strong fluorescent character in UV light include sodium, cadmium, iron(II), 
sliver, potassium, nickel(II), magnesium, europium(III), gadolinium(III), aluminum, and 
mercury(II). While iron(III), cobalt(II), manganese(II), copper(II), and chromium(III) 
show small quantities of fluorescent character to none. 
 
 
 
 
 
Keywords: mechanochemistry, metal ion coordination, solid state reactions, fluorescent 
detection 
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
A. Metals in the Environment 
An important topic of study in environmental chemistry is method development 
for the detection of metals from pollution. Metals can be found in the soil and 
waterways at either major, minor, or trace levels. Additionally, several toxic 
metals are introduced into the environment through industrial manufacturing. For 
example, cadmium is commonly released into the environment as a by-product of 
processing ores for zinc and refining of lead and copper from sulfide ore. Some of 
the industrial processes that use cadmium include battery manufacturing, coatings 
and plating, pigment production, plastic stabilizers and nonferrous alloys
1
.  
After integrating into the soil and waterways, it can be absorbed by plants and 
potentially be consumed by humans through food products. When absorbed 
through the skin, inhaled, or ingested, many metals have been proven to cause 
numerous health problems
2
.Upon entering the body, cadmium can accumulate in 
the liver and kidneys. There, a family of proteins called metallothioneins can 
complex the metal ingested thereby protecting the human body from toxic effects 
of the metal
3
.  Even at low concentration, exposure to cadmium can place 
individuals at risk for bone fractures due to decreased bone mineral density 
especially in the elderly and postmenopausal women
1
. 
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Not only can the uptake of metals occur in plants, it also is present in aquatic 
animal species when waste is deposited in waterways. Previous studies have 
shown that copper is accumulated in the gills, intestine, and liver of fish
4
. A 
toxicity level will be reached that will lead to the mortality of fish. If the toxicity 
level is not reached then the fish could be consumed by other predators or humans 
resulting in the bioaccumulation of toxic metals in the food chain. The practice of 
releasing metals into the environment can therefore cause long-term destruction.  
Methods of elemental analysis are developed with the consideration of several 
attributes: sample processing, speed, ease/convenience, skill required of the 
operator, cost/availability of equipment, and cost per sample.  Methods with the 
least complicated sample processing procedures are more desirable. Some 
common problems with sample processing typically involve consideration of 
solubility properties of the sample, available sample size and the concentration of 
the analyte of interest, and chemical and physical transformations that need to be 
performed to selectively measure the analyte of interest. Environmental samples 
are particularly difficult to analyze consisting of samples with complicated 
matrices. Keeping this in mind, development of a method of metal analysis should 
minimize sample preparation while retaining a high degree of specificity for 
different metals. Additionally, the method needs to be fast, cost-effective, require 
minimal training for the operator, and accomplished with cheap 
equipment/instruments. With this consideration, it is the purpose of this project to 
investigate new ways of detecting trace amounts of toxic metals
5
. 
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B. Metal Coordination 
One method of metal detection uses fluorescent sensors which allows for on-site, 
real-time, and semi-quantitative capability
2
. The general strategy of fluorescent 
detection involves coordinating a metal ion with a receptor molecule that is 
composed of two parts: a fluorophore and a linker containing a Lewis base. A 
Lewis base is an atom in a molecule that has the ability to donate an electron pair 
to a Lewis acid, the metal of interest or electron pair acceptor. The fluorophore of 
the receptor molecule is generally high conjugated which means that alternating 
pi bonds occur throughout the structure. The conjugation in the molecule allows 
for electrons to move freely and energy is easily transferred between the 
coordinated metals to the Lewis base and to the fluorophore.  
When the Lewis base donates its lone pair of electrons to a metal ion, 
coordination between the metal and the receptor molecule can occur. UV light, 
when shined on the coordinated compound, is great enough to excite the 
molecule. The fluorophore will convert the energy absorbed and fluoresce at a 
different wavelength. Pyrene derivatives are a class of molecules that are ideal 
receptors and converters of light and have been used as fluorophores in previous 
experiments
6
. Lewis bases consisting of amine chains serving as a Lewis base has 
the ability of donating their lone electron pairs to metal cations. By employing 
amine chain linkers of increasing length between pyrene derivatives, the 
specificity of the molecule to capture elements with larger radii size is possible. 
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C. Application of Mechanochemistry to Metal Coordination in the Environment 
The coordinated pyrene derivative would typically be dissolved in an organic 
solvent (possibly carcinogenic), such as dichloromethane, DMSO, or acetonitrile 
and subsequently detected by fluorescence. By employing a solvent free method 
such as mechanochemistry, the amount of organic solvent can be decreased or 
eliminated while still retaining sufficient sensitivity to detect trace concentrations 
of metals
7
. This method would be favorable for the environment and open new 
research opportunities in the scientific community.  
Mechanochemistry is a highly efficient solvent free method of performing a 
chemical reaction by increasing pressure and temperature to drive compound 
formations. Traditionally, these reactions have been completed in shaker mills and 
planetary mills but can be accomplished by simply grinding the reagents in a 
mortar and pestle. While mills have the advantage of allowing for controllable 
parameters and achieving greater applied pressures to the reactions, it is not 
portable and cannot easily be utilized on-site
7
. Grinding with a mortar and pestle 
to induce solid state reactions allow for an on-site, simple, and environmentally 
friendly method. By employing fluorescent receptors as the ligand in these 
reactions, another advantage can be added: ease of detection. 
Classically, in chemical synthesis the rate of a reaction is increased by increasing 
the temperature, increasing the surface area, decreasing the volume or adding a 
catalyst. In the grinding process, applied kinetic energy succeeds in providing the 
majority of the aforementioned strategies. Some of the kinetic energy is 
transferred to heat, while another portion serves in compressing the reagent 
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molecules and subsequently increasing the surface area of the atoms. 
Additionally, the formation of holes and shifts in the crystal lattice are the key to 
coordination of metal salts
7
.  
The goal of this study is to synthesize receptor molecules with increasing linker 
chain lengths that are composed of nitrogen Lewis bases. With minimal to no 
further purification of the product receptor, metal coordination between solid 
metal salts and the receptor molecule is to be accomplished by inducing a solid 
state chemical reaction by grinding the reagents together using a mortar and 
pestle. Fluorescent activity of the coordination compound will be tested using a 
typical UV light. If successful, this type of metal coordination and simultaneous 
detection will provided a new method of analysis that has minimal sample 
preparation, is fast, cost-effective, requires minimal training for the operator, and 
accomplished with cheap equipment. 
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CHAPTER 2 
 
 
EXPERIMENTAL 
 
 
A. Cost Consideration of Receptor Synthesis Reagents 
1-pyrenecaboxaldehyde is a pale yellow solid that is reasonable priced (~$110 per 
10 grams). When this molecule is reacted with diethylenetriamine (DET) (~$32 
per 100 mL) or bis(3-aminopropyl)amine (~$39 per 100 grams) by a strong 
nucleophilic attack, an imine functional group connecting the molecule is formed 
(All price quotes and reagents were provided by Sigma-Aldrich). This type of 
imine forming mechanism is relatively fast containing a single step. Previous 
experiments have reported reactions with 1-pyrenecarboxaldehyde and DET 
refluxed for 10 hours and recrystallized from ethanol resulting in an 86% yield
6
. 
Using the procedure used this study, this method of receptor synthesis of is 
accomplished with cheap reagents and simple, energetically favorable reactions 
averaging less than $1 per sample. 
B. Synthesis of Receptors 
For Receptor 1, 0.15 g of 1-pyrenecarboxaldehyde was dissolved in 20 mL of 
95% ethanol. 30 μL of DET was added as the linker and refluxed overnight at 
80°C. The ethanol was removed using a rotoevaporator and then placed under a 
stream of nitrogen gas to complete the drying process. A waxy, dark-yellow solid 
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product was obtained. Receptor 2, was synthesized as per Receptor 1 with the 
exception of replacing DET with 50 μL of bis (3-aminopropyl) amine as the 
linker2. A sticky, yellow-orange residue was obtained as the product. This reaction 
scheme is shown in Figure 1. No further purification or crystallization was 
performed on the product to retain simplicity of sample preparation. Metal 
coordination is to be tested at low levels of purity to assess whether metal salt 
specificity can still be achieved by the receptor. 
 
C. Solid State Metal Coordination 
Using a mortar and pestle, 0.010 g of the desired receptor and metal salt was 
added respectively in 1:3 mole amounts. Pressure was applied while mixing and 
grinding until the appearance was uniform under visible light. The resulting solid 
was then observed under a UV light.  
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CHAPTER 3 
 
 
RESULTS AND DISCUSSION 
 
 
A. Melting Point and IR Spectra of Receptor 1 and Receptor 2 
Melting point range determination is a useful technique that helps to assess the 
purity of substance. If a narrow range of temperature is obtained, it is indicative of 
a high level of purity and vice versa. The melting point was determined for 1-
pyrenecarboxaldehyde but because of the waxy and sticky nature of the product 
receptors melting point ranges were not determined. Because a high level of 
purity for the receptors is not need in this study, this type of characterization was 
not performed.  
IR spectroscopy is used to determine the functional groups that are present in a 
sample. Functional groups when scanned will absorb different frequencies of light 
that excite sample’s vibrational modes giving the compound a signature spectrum. 
IR spectroscopy was performed using a Perkin Elmer Spectrum One FTIR 
spectrometer and using 3M™ disposable IR cards for qualitative, mid-range IR 
analysis. Figure 2 depicts the resulting spectra with the top spectrum showing 1-
pyrenecarboxaldehyde, the middle spectrum showing Receptor 1, and the bottom 
spectrum showing Receptor 2.   
10 
 
1-pyrenecarboxaldehyde: M.P. 120-123°C; FTIR (cm
-1): ν(CH stretch) 2917, 
2851, ν(C=O) 1465,1463, 730, 720. Receptor 1: FTIR (cm-1): ν(CH stretch) 2921, 
2849, ν(C=N) 1630, ν(C=O bend) 1461, 1463, 735, 730, 720. Receptor 2: ν(CH 
stretch) 2914, 2849, ν(C=N) 1630, ν(C=O bend) 1461, 1463, 848, 730, 720. 
Due to the low level of purity, IR spectroscopy does not posed sufficient enough 
data to conclude that the receptors were successfully synthesized. All of the peaks 
that are in the pure sample of 1-carboxaldehyde sample are also present in the 
spectra of the receptors. In an ideal scenario from the reagent spectrum to the 
product spectrum, one functional group will decrease while another functional 
group peak appears. Once again due to low purity, there were no peaks that 
decrease, however, there was the presence of the C=N peak at 1630 cm
-1
 that was 
added in the receptors. The value for this peak is consistent with previous 
literature for the synthesis of Receptor 1. Since Receptor 2 is only first being 
synthesized in this study, the presence of the C=N peak also in its spectrum is 
indicative of successful synthesis to some degree. 
11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. IR spectra of 1-pyrenecarboxaldehyde, Receptor 1, and Receptor 2. 
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B. H-NMR Spectra of Receptor 1 and Receptor 2 
1-pyrenecarboxaldehyde, Receptor 1, and Receptor 2 were analyzed with a 90 
MHz H-NMR spectrometer. Figure 3 illustrates the resulting spectra at 64 scans 
with DMSO-d6 as the solvent. In the 1-pyrenecarboxaldehyde spectrum, the 
singlet at δH=10.698 ppm corresponds to the aldehyde functional group. The 
absence of this peak indicates that Receptor 1 and Receptor 2 have successfully 
been synthesized. The linker protons belong to the additional peaks within the 
range of δH=1-5 ppm6.  
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C. Ratio Determination of Metal Coordination 
The mole ratio of the experimental solid state metal coordination was determined 
by increasing the amount of metal salt to receptor. The goal of this study was to 
achieve the greatest color change from the original receptor as optimize the 
fluorescent detection capability thus achieve differentiation between color and 
fluorescent intensity from metal salt to metal salt.  
The desired amount of receptor was weighed and placed in the mortar followed 
by the desired amount of the metal of interest. Figure 4 shows the fluorescent 
detection of zinc chloride with varying ratios as viewed in visible light and in UV 
light. While metal coordination has the possibility of occurring in several species 
of metals, only certain metals with specific properties when coordinated to with 
the receptor will result in fluorescent activity. By observing product compound 
with both frequencies of light, more information about the interactions between 
the receptor and the metal salt are obtained. As the quantity of zinc chloride 
increases the color of the product changes from a pale yellow to a deep red 
orange. This indicates a larger quantity of the metal salt has bonded with the 
receptor. Based upon this experiment, the molar amount used in all other 
experiments was 3:1 metal salt to desired receptor.   
15 
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D. Reaction Comparison Between Receptor 1 and Receptor 2 with Cadmium Nitrate  
Cadmium nitrate was coordinated with Receptor 1 and Receptor 2 in two different 
mortars. The products were observed side-by-side and viewed in visible and then 
under UV light. Figure 5 shows the results of the coordination with Receptor 1 
corresponding to the right mortar and Receptor 2 corresponding to the left mortar.  
A noticeable color difference is observed under visible light. Receptor 1 exhibits a 
darker reddish-orange color in contrast with Receptor 2 which is orange-yellow. 
Under UV light, a significant color difference is observed. Receptor 1 is shown to 
be more uniform in color with the majority of the product, a deep red. Receptor 2 
is a mixture of patchy deep red and light yellow and suggests that coordination of 
cadmium nitrate salts is not as favorable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Visible Light UV Light 
Figure 5. Reaction of cadmium nitrate with Receptor 1 (right) and Receptor 
2 (left). 
17 
 
E. Anion Effect in Metal Coordination with Receptor 2 
The effect of the anion on the product color was tested with Receptor 2 using 
sodium and cadmium salts of chloride and nitrate. Figure 6 illustrates Receptor 2 
reactions with different salts organized in columns. The first two rows show the 
salt and Receptor 2 combined by stirring but without pressure applied by the 
pestle under visible and UV light. The last two rows show the product of the 
reaction after pressure has been applied by the pestle and the result looks uniform 
and sufficiently combined.  
The sodium nitrate and sodium chloride reactions are identical observed under 
visible light. Under UV light, a slight variation is apparent showing sodium 
chloride being slightly more yellow in color than sodium nitrate. In contrast, 
cadmium nitrate and cadmium chloride products exhibit a high degree of variation 
under both light conditions.  
The effect of the anion is still unknown due to the sporadic nature of the resulting 
product’s optical activity. Such results bring to attention to the fact that reactions 
using this method of reaction have unknown mechanisms. Receptor 2 is long and 
highly unpredictable in shape and could cause metal coordination branching 
between receptor molecules. 
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Figure 6. Study of chloride and nitrate anion effect of metal coordination and sensing.  
 
 
F. Iron (II) and Iron (III) coordination with Receptor 2 
Iron (II) chloride and iron (III) chloride were coordinated with Receptor 2 under 
the previously described conditions. The resulting products are shown in Figure 7. 
Receptor 2 appears to have effectively coordinated with both metal salts as can be 
seen in the reaction with visible light. Both iron salts show a color change after 
applied pressure, however only iron (II) chloride has fluorescent character. This 
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demonstrates the ability of Receptor 2 to achieve specificity even between metals 
of the same species but with different oxidation states. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Detection of iron (II) chloride and iron (III) nitrate with Receptor 2 
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G. Fluorescent Detection of Other Metal Salts 
Additionally, Receptor 2 was reacted with silver nitrate, potassium chloride, 
nickel (II) chloride, magnesium chloride, europium (III) nitrate, gadolinium (III) 
chloride, aluminum nitrate, mercury (II) nitrate, cobalt (II) nitrate, manganese (II) 
chloride, copper (II) nitrate, and chromium (III) nitrate. The results of these 
reactions are shown in Figures 8-10. Each of the coordinated metals are shown to 
fluoresce at different wavelengths and different intensities ranging from highly 
fluorescent to exhibiting very little optical detection with UV light. 
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Figure 8. Fluorescent detection of silver nitrate, potassium chloride, nickel (II) 
chloride, and magnesium chloride 
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Figure 9. Fluorescent detection of europium (III) nitrate, gadolinium (III) chloride, 
aluminum nitrate, and mercury (II) nitrate. 
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Figure 10. Fluorescent detection of cobalt (II) nitrate, manganese (II) chloride, copper 
(II) chloride, and chromium (III) nitrate. 
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CHAPTER 4 
 
 
CONCLUSIONS AND FUTURE WORK 
 
 
While this study remains qualitative, strides must be taken to understand the reactions 
taking place. Initially, the solid state geometry of the receptors must be determined. By 
knowing the orientation of the components of the molecule, a more accurate 
approximation of which metals can be complexed will be obtained. For the metal 
coordinations that have demonstrated fluorescence, detection wavelengths and intensities 
must be quantified for each metal in order to gain full understanding of this method’s 
capabilities. In addition, the coordination of the metals to the receptor is still unknown. 
The coordination number and the anion of the chosen metal salt seem to have different 
results from reaction to reaction. More experiments need to be conducted to provide 
insight into the chemistry of these unique solid state reactions.  
In the future, this work will be continued by examining the parameters of the solid state 
reactions including pressure, temperature, and atmospheric conditions. Since applied 
pressure is the driving force of mechanochemistry reactions, quantifying the pressure 
applied during the reaction is also necessary. Increasing the pressure applied during the 
reaction may also have an effect on the compression of the electron orbitals during 
bonding and consequently deliver different results. The temperature of the air 
surrounding the solid state reactions can also influence the metal coordination by adding 
energy that may be used to shift atoms in the crystal lattice and potentially cause new 
24 
 
bonds. Some of the metal salts that did not react at room temperature, may be favorable at 
increased temperatures. Additionally, the atmosphere during the reaction should be 
controlled with respect to humidity. Reactions can be greatly affected by the amount of 
moisture in the air and could increase the probably of metal coordination. With these 
parameters quantified, greater insight can be gained into the mechanism of the class of 
reactions. 
Synthesis of receptor molecules with increasing linker chain lengths that are composed of  
nitrogen Lewis bases was completed successfully. With minimal to no further 
purification of the product receptor, metal coordination between solid metal salts and the 
receptor molecule was accomplished by inducing a solid state chemical reaction in 
grinding the reagents together using a mortar and pestle. Fluorescent activity of the 
coordination compound was tested using a typical UV light. This type of 
mechanochemistry and metal coordination is versatile in providing simultaneous capture 
and detection. Additionally, the new method of analysis that has minimal sample 
preparation, is fast, cost-effective, requires minimal training for the operator, and 
accomplished with cheap equipment. 
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